the fishery may vary across the Caribbean, depending on the size limit, local growth rates, and 70 timing of the fishing season. For example, in Belize, the size limit is 76 mm, which, given the 71 von Bertalanffy growth curve assumed by Gongora (2010) (Table 1) , corresponds to a lobster 72 around age 2.7. Thus, a lobster that is big enough to be caught when the lobster season opens in 73
June, would probably have settled about two years previously. In the western Caribbean, peaks 74 of settlement of postlarvae onto shallow benthic habitat have been found in autumn, but some 75 settlement can occur year-round (Briones-Fourzan et al. 2008 ), so that young lobsters would be 76 expected to continue growing to legal size throughout the fishing season. In addition to lobsters 77 that recruit into the fishery through growth, lobsters may recruit by moving into the fished area 78 during the fishing season. Mature lobsters may move into deeper water (below fishing depths) 79
and then return to shallow water; they may also migrate into fished areas from the no-take zones Although there has been a national stock assessment of spiny lobster (Gongora 2010) , the data 119 have never been available to assess status at the local level at any of the marine reserves. The 120 local status is of interest because local management at the scale of the individual marine reserves 121 could improve the sustainability of these fisheries. Also, it is of interest to evaluate whether the 122 presence of the conservation zones at each site improves the status of the fishery. The spiny lobster catches were reported as total tail weight and number of lobsters for each 161 individual fisherman in each day. In addition, some logbooks reported lobster head meat for all 162 the fishermen in a boat together. We did not use the head meat data because the lobster tails 163 provided a better estimate of the number of lobsters caught. Total catches were calculated for 164 each week by summing the number of lobsters. In some cases fishermen reported only the weight 165 of lobster tails, or only the number of lobster tails. The average weights were used to infer the 166 total numbers when only weights were given (i.e. numbers=weight/average weight). 167
Total weights were calculated from tail weight using the relationship from FAO (2001) ( Table  168 1). 169 170 Catch per unit of effort (CPUE) in numbers was calculated for each boat-day as the sum of the 171 number of lobsters caught, divided by the total number of fisherman-hours. For the few cases 172 where a fisher did not record total fishing hours for a day, the number of fishing hours was 173 assumed to be the median number of fishing hours in a day (6 hours). The CPUE of lobsters is 174 roughly proportional to the abundance of lobsters in the fished area, but there is also variation 175 between individual fishing boats as well as possible seasonal differences in species targeting. To 176 address the fact that some of the variation in the mean CPUE from one week to the next is 177 caused by the fact that different boats are fishing at Glover's Reef or Port Honduras in different 178 weeks, CPUE was standardized using a generalized linear mixed model (GLMM) in which boat 179 was treated as a random effect (Maunder and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The CPUE calculated from the logbooks appeared to decline during the first four months of each 215 lobster season, and then increase again toward the end of the season in both seasons at Glover's 216
Reef. There appeared to be a slight increase later in the season at Port Honduras as well. where N t is number of legal sized lobsters in the general use zone at the beginning of week t in 224 the fishing season, C t is the catch in numbers during week t assumed to take place in the middle 225 of the week, M is the instantaneous natural mortality rate (M is in annual terms, so it is divided 226 by 52 for a weekly time step); R in is an estimate of the recruitment of lobsters that take place 227 during the season, and λ t is the fraction of the in-season recruitment occurring in each week. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  R  e  v  i  e  w  O  n  l  y   11 Recruitment is assumed to occur in the beginning of each week. The fishing mortality rate in 229 each time step was approximated as the catch divided by the mid-week abundance 230 (N t +N t+1 ) , and the annual fishing mortality rate was the sum of the weekly rates. The 231 overall fractional harvest rate was calculated as the number of lobsters caught divided by the 232 total recruitment. 233
234
The fraction of in-season recruitment occurring in each week λ t must be either input to the 235 model, or estimated from the data. Lacking independent data to estimate the temporal pattern by 236 which legal-sized lobsters enter the fishery, we used several alternative scenarios to estimate λ t . 237
All scenarios made the assumption that, during the time when a recruitment pulse is occurring, 238 the same number of new lobsters would recruit into the fishery in each week. Thus, it was only 239 necessary to estimate the weeks in which the recruitment pulse begins and ends. The number of lobsters that recruit into the fishery (R), which includes both those that recruit at 247 the beginning of the lobster season and those that recruit during the season, is a parameter that 248 must be estimated. The fraction of the recruitment that occurred in the beginning of the season 249 (Rfrac) is also an estimated parameter. The numbers at the beginning of the first week are thus 250
R·Rfrac. Numbers in each subsequent week can be calculated from the starting numbers, natural 251 Rubin diagnostic, and the effective sample size (Lunn et al. 2013) . Models that did not have 278 adequate diagnostics of convergence, were re-run them with more iterations. Model fit was 279 evaluated with the Bayesian P-value, which is calculated by comparing the sum of the squares of 280 the standardized residuals to the same statistic calculated from a simulated dataset produced 281 using the model's estimated parameters. This P-value should be near 0.5 if the model is 282 adequately representing the data (Gelman et al. 1995) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 effort data, as well as information on the size and sex of lobsters caught, from a sample of about 297 5% of the fishing effort at Glover's Reef. We conducted a GLMM on the combined data from 298 WCS and the 2011-2012 logbooks to evaluate whether seasonal trends in abundance are 299 consistent between seasons in this longer time series. Because the sample size was smaller for 300 the WCS data than the logbooks, a monthly rather than a weekly time step was used. As in the 301 GLMM for the logbook data alone, the sample unit was boat-days. Because the sample size was 302 smaller, all boat-days that caught lobster were included. To avoid using the same data twice in 303 the analysis, the WCS data from the period when logbook data were available were excluded. 304
The GLMM model was: 305 boat-days were included, the increase in CPUE in the second half of the season was more 333 noticeable at Glover's Reef (Figure 2g-i, open triangles) . At Port Honduras, all boat-days that 334 caught lobster had more lobster records than conch records, so the two CPUE series were 335 identical. 336 337 When a linear model was used to standardize the CPUE data from Glover's Reef, week 338 explained 44% of the variation in the CPUE data and boat explained about 17%. When boat was 339 included as a random effect, both AIC and BIC supported including boat in the model Supplementary online Table S1 , Figure S1 ). Similar results were found when only lobster-341 focused trips were included at Glover's Reef, and for the dataset from Port Honduras. The 342 GLMM standardization removed some of the large outliers in the CPUE for the weeks in which 343 sample size was low, especially in the middle of the 2012 season at Glover's Reef (Figure 2g-i,  344 solid black symbols and confidence intervals). The standardized CPUE for lobster-focused boat-345 days gave a similar trend in both years at Glover's Reef, except that there was a slightly larger 346 increase in CPUE in the second half of the season (Figure 2g 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 boat-days and the model using only lobster-focused boat days estimated a similar starting 374 abundance, but the lobster-focused model estimated a steeper decline in the first month and more 375 in-season recruitment. For all models the fishing mortality rate in each week was highly variable, 376 depending on how many boats were fishing in each week (Figure 3) . 377 378 At Glover's Reef, the models that estimated the starting week, or both the starting and ending 379 week of the recruitment pulse gave similar results to the model with a fixed recruitment pulse 380 between weeks 21 and 35 (Table 4) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 and fraction harvested were quite broad, especially for the models using lobster-focused CPUE. 398
For example, in 2011 at Glover's Reef, the 95% credible interval for the total recruitment with 399 all CPUE was 64,000-150,000, while the credible interval for the model with lobster-focused 400 CPUE was 74,000-3,622,000. Using all CPUE data, the median total fraction harvested was 401 around 55% in 2011 and around 70% in 2012, also with wide credible intervals. The harvest 402 rates were lower using only lobster-focused CPUE. At Port Honduras, the posterior distributions 403 were more narrow. The models estimated a total recruitment of 12,000 (11-14,000) lobsters and 404 a harvest rate of 0.74 (0.64-0.81) ( Table 3) . 405 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 and Port Honduras, the median estimates of abundance and harvest rate were similar for models 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 greater than 45 mm CL (based on visual surveys), and projected (using a production model with 534 movement) that, given roughly the current reserve design, the population would equilibrate 535 within a few years to 220,000 lobsters greater than 45 mm CL. The depletion model results apply 536 to lobsters that are vulnerable to the fishery, mainly lobsters larger than 76 mm CL. A fished 537 population would likely have about half as many individuals the 45-76 mm CL size category as 538 individuals larger than 76 mm CL (based on calculating numbers at age as exp(-(F+M)) for 539 F=M), so the result that the current abundance of adult (>76 mm CL) lobsters throughout the 540 atoll could be as high as 100-130,000 legal-sized lobsters would correspond to roughly 150,000-541 200,000 lobsters greater than 45 mm CL. This is only slightly lower than Acosta's projection of 542 220,000 lobsters greater than 45 mm CL. Our results imply that the population is almost 543 certainly higher now than it was in 1997 when the reserve had only been in effect for a few 544 years, possibly much higher. There are no published estimates of lobster total abundance at Port 545
Honduras. 546 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The calculation of the bias in the estimate of whole atoll abundance was specific to Glover's 548
Reef, which has about 20% of its area in the conservation zone, and a deep wall reef surrounding 549 the atoll which may be a refuge for large lobsters. Port Honduras, on the other hand, has only 5% 550 of its area in the conservation zones, and there are no nearby deep water areas that could serve as 551 a refuge from fishing. Thus, the estimated numbers and mortality rates from Port Honduras from 552 the depletion model may be less biased at Port Honduras than at Glover's Reef. Nevertheless, a 553 better understanding of lobster movement at Port Honduras is needed. 554 555
Considerations for management 556
Ideally, fishery regulations should be set based on the number of lobsters present at Glover's 557
Reef or Port Honduras during the current fishing season. However, the depletion model estimates 558 of abundance are based on the data from previous seasons. The lobster fishery at Glover's Reef 559 captured about the same number of lobsters in the 2011-2012 and 2012-2013 seasons: around 560 44,000 individuals in the former and 49,000 in the latter, and the credible intervals of the 561 estimates of abundance and harvest rates for the two seasons overlapped. The consistency in 562 abundance trends between the two seasons is striking, given that the CPUE of lobsters at 563
Glover's Reef is quite variable between seasons. The CPUE analysis from 2004 to the present 564 using both the WCS and the logbook data found that the CPUE at the beginning of the fishing 565 The depletion model does not provide estimates of abundance of an unfished population, or the 570 abundance associated with maximum sustainable yield, so it is not possible to compare current 571 abundance to abundance-based reference points. However, estimated fishing mortality rates can 572 be compared to fishing mortality rates associated with per-recruit reference points. Assuming the 573 life history parameters specified in Table 1 apply to only lobsters in the fished zone, or to all fish in the entire atoll, including those in the 578 conservation zone is a management decision (Field et al. 2006) . To be precautionary, one could 579 treat the lobsters in the conservation zone as "off the table", and use the results of the depletion 580 model as an estimate of the abundance and fishing mortality rates for lobsters that are available 581 to the fishery. Alternatively, if the management objective is to keep fishing mortality for the 582 stock in the whole marine protected area below the reference point, the calculation of F/F target 583 would have to be adjusted to account for the fact that the depletion model underestimates total 584 abundance and overestimates total fishing mortality rate. 585 586 At Glover's Reef, using the CPUE from all boat-days that catch lobsters, the models estimate 587 that the median harvest rate is higher than HR 0.1 and HR 20% in both years although the credible 588 interval crosses the target ( Figure 5 ). Using only lobster-focused CPUE in 2011, the median 589 fishing mortality rate is somewhat lower. Adjusting the harvest rate downward to account for the 590 extra lobsters in the general use zone and deep water gives harvest rates that are at or below 591 Honduras, on the other hand, movement data are not available to estimate how much harvest 595 rates would have to be adjusted to account for lobsters in the conservation zones. The models 596 found harvest rates of about 70%, which were higher than the reference points, and also higher 597 than the national average found by Gongora (2010) . 598 599 The lobster population at Glover's Reef is apparently not experiencing overfishing, but the WCS 600 dataset indicates that many lobsters are caught at very small sizes. Increasing the size limit from 601 76 mm CL to 102 mm CL would allow much larger fishing mortality rates to be sustainable; for 602 example, HR 0.1 =0.28 and F 20% =0.77. Thus, a higher size limit may improve the yield from the 603 fishery. Belize has committed to increase the size limit for spiny lobster as part of an OSPESCA 604 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  R  e  v  i  e  w  O  n  l  y 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  R  e  v  i  e  w  O  n  l  y 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  R  e  v  i  e  w  O  n  l  y 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  R  e  v  i  e  w  O  n  l  y 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39 
